Abstract. We report the thermoelectric properties of polygrain icosahedral Al--Pd--Mn quasicrystal and compare with those of (1/1, 2/1-)AlPdMnSi approximant crystals. To improve the dimensionless figure of merit (ZT), we substitute Ga for Al atoms in Al--Pd--Mn quasicrystal in accordance with the guiding principle of "weakly bonded rigid heavy clusters" (WBRHCs). Although the thermoelectric properties do not obey the WBRHCs principle, the maximum ZT increased by a factor of 1.4 from 0.18 for Al 71 Pd 20 Mn 9 to 0.26 for Al 68 Ga 3 Pd 20 Mn 9 quasicrystal.
Introduction
Thermoelectric materials can be used to create devices that generate power through the direct conversion of thermal energy to electrical energy. The investigation of materials for practical use in automobiles or power plants will become increasingly important. The potential of thermoelectric materials is determined by the dimensionless figure of merit, ZT ¼ S 2 sT/j, where S is the Seebeck coefficient, s is the electrical conductivity, j is the total thermal conductivity, and T is the temperature. To obtain a high ZT value, the Seebeck coefficient and electrical conductivity should be large while the thermal conductivity should be low.
Al-based icosahedral (i-) quasicrystals such as iAl--Pd--Mn [1] and i-Al--Pd--Re [2] exhibit semiconductor-like electron transport properties, and they exhibit strong composition dependence of the electrical conductivity and its temperature coefficient. We have pointed out that not only the composition dependence but also the difference in the electrical properties between different alloy systems is related to the difference in the bonding nature of local atomic arrangements such as icosahedral clusters. In 1/1-Al(Mn, Re)Si cubic approximant crystals, which possess icosahedral symmetric clusters called Mackay icosahedral (MI) clusters and exhibit quasicrystal-like electrical properties, the bond strength is distributed widely from weak metallic to strong covalent bonds, and the intracluster bonds are stronger than the intercluster bond [3, 4] . Both s and S are rather large because the quasicrystals are basically metallic alloys and have semiconductor-like properties. The room-temperature magnitude of j in these materials is comparable to that of a glass of 1-2 (W/m K). Thus, Al-based icosahedral quasicrystals are expected to be good thermoelectric materials.
Kimura et al. have proposed a guiding principle "weakly bonded rigid heavy clusters" (WBRHCs) for the complex-cluster solids such as icosahedral quasicrystals and approximant crystals [3, 5] . In i-Al--Pd--Re quasicrystals, the effective mass, m*, has a strong correlation with ZT. It has been suggested that m* and the ZT can be increased by strengthening the intracluster bonds and weakening the intercluster bonds. From the results of MEM/Rietveld analysis of 1/1-Al(Mn, Re)Si cubic approximant crystals [3, 4] , the covalent bonding nature in the 1/1-AlReSi is stronger than that in the 1/1-AlMnSi approximant crystal. It seems effective to substitution of intercluster Re sites in i-Al--Pd--Re quasicrystal with a lighter transition metal element in order to decrease the intercluster bond strength. The bond-weakened element should be substituted more in the weakly bonded intercluster sites than in the strongly bonded intracluster ones. From this guiding principle of WBRHCs, ZT was increased by Ru (ZT max ¼ 0.15) [6] or Fe (ZT max ¼ 0.21) [7] substitution for Re atoms (ZT max was less than 0.1 before substitution).
In this report, we focus on the i-Al--Pd--Mn quasicrystal formed by fully replacing Re atoms in i-Al--Pd--Re quasicrystal with Mn, because arc-melted and annealed i-Al--Pd--Re quasicrystal is highly porous [8] and s should be lowered. On the other hand, the microstructure of the i-Al--Pd--Mn quasicrystal is homogeneous. Furthermore, in Al--Pd--Mn systems, i-phase, 1/1-and 2/1-cubic approximant phases can be obtained, enabling us a direct comparison of thermoelectric properties between quasicrystals and approximant crystals.
To improve the thermoelectric performance, further weakening the intercluster bonds will be needed. We substitute Al for Ga atoms in i-Al--Pd--Mn quasicrystal. It is expected that Ga substitution is favorable for weakening the intercluster bonds because the covalent bonding nature decreases with increasing atomic number for Group III elements, i.e., from B to Al, Ga, In and Tl. We selected the nominal composition, Al 71 Pd 20 Mn 9 , which shows the highest power factor (S 2 s) value in our synthesized samples, and discussed an effect of Ga substitution for Al atoms on the their thermoelectrical properties.
Pope et al. reported the thermoelectric properties of i-Al--Pd--Mn phase [1, 9] . They pointed out that this icosahedral phase may be a promising candidate for a thermoelectric material. Winkler et al. reported the thermoelectric properties of self-flux-grown single-grain Al 67 Ga 4 Pd 21 Mn 8 quasicrystal [10, 11] . But, little is known about the effect of Ga substitution on thermoelectric properties; thus, it is important to investigate the Ga concentration dependence of thermoelectric properties. 6 Si 1 alloys, because the arc-melted and annealed button has anisotropy in the transport properties which is smaller than that in i-Al--Pd--Re quasicrystals [8] . The anisotropy of s is larger than that of j, i.e., ZT value is higher in the above direction. The annealed samples were quenched in water. The characterization of the samples was performed by power X-ray diffraction (XRD) measurements with CuK a radiation. The local composition was examined by electron probe microanalysis (EPMA). Measurements of the Seebeck coefficient, electrical conductivity, and thermal conductivity were carried out for all samples. The electrical conductivity and Seebeck coefficient were measured in a helium atmosphere at temperatures between 373 and 973 K by the four-probe method and the steady-state temperature gradient method, respectively. The thermal conductivity was obtained by measuring the density, specific heat and thermal diffusivity using the laser flash method from 373 to 973 K. The overall base temperature is stabilized to AE0.2 K. The density was measured by a pycnometer using the helium displacement technique.
Experimental

Results and discussions
3.1 Thermoelectric properties of i-Al 71 Pd 20 Mn 9 quasicrystal and its approximant crystals ing that the long-range order has a less significant effect on the r. It should be mentioned here that the r of i-phase is very sensitive to their atomic compositions, as seen in i-Al--Pd--Re quasicrystals [2] . The room temperature resistivity of 1/1-AlPdMnSi approximant crystal is consistent with the previous result by Takeuchi [15] . figure, it is seen that the S is quite different and its value increases with increasing the degree of approximation (1/1 ! 2/1 ! i). However, S of the i-phase is also very sensitive to the atomic composition, as seen in i-Al--Pd--Re quasicrystals [2] ; the rapid increase of S with increasing Pd and/or Mn concentrations from about 15 to 95 (mV/K). This implies that the local electronic structure near the Fermi level would be important. Therefore, the rule of degree of approximation on S is not clear so far. 10 quasicrystal by matching EELS and SXES spectra [16] . From Al L-shell excitation spectra, they pointed out that the higher order approximant crystal of 2/1-Al 70 Pd 23 Mn 6 Si 1 shows a large amount of chemical shift than that of 1/1-Al 67 Pd 11 Mn 14 Si 8 approximant crystal. This result indicates that a high order approximant crystal has not only a similar structure but also a similar bonding nature (covalent bonding nature) to that of i-Al--Pd--Mn quasicrystal. Therefore, it is reasonable to consider that both the atomic composition and bonding nature play an important role on electric properties in Al--Pd--Mn systems. Figure 3 shows the temperature dependence of the total thermal conductivity, j total , for the 1/1-Al 67 Pd 11 Table  2 . The difference between the nominal composition and the analyzed one is mainly caused by weight loss of Al during the arc-melting process. We found that the single i-phase is obtained by 3 at% of Ga concentration. pores are confirmed. On the other hand, self-flux grown monocrystalline Al 67 Ga 4 Pd 21 Mn 8 quasicrystal may have porous microstructure, judging from the 20% reduction of the mass density by Ga substitution [10] . Table 3 summarizes the electrical conductivity (s), Seebeck coefficient, total thermal conductivity, and ZT of the i-Al 71Àx Ga x Pd 20 Mn 9 (x ¼ 0, 2, 3) quasicrystals at 473 K. At this temperature, ZT shows the highest value. As the s is slightly decreased by Ga substitution, the S was almost not changed. The most important result is that the j total significantly decreased with increasing Ga concentration, which is qualitatively consistent with the previous work of mono-crystalline phase by Winkler et al. [10] . Although the thermoelectric properties do not obey the WBRHCs principle, the maximum ZT value increases by a factor of 1.4 from 0.18 (x ¼ 0) to 0.26 (x ¼ 3) [17] .
Conclusions
We synthesized polygrain i-Al 71 Pd 20 Mn 9 quasicrystal and (1/1, 2/1-)AlPdMnSi approximant crystals and discuss their thermoelectric properties. Both the atomic composition and bonding nature play an important role on electric properties in Al-Pd-Mn systems. The magnitude of the j total decreases with increasing degree of approximation. To improve the dimensionless figure of merit (ZT) of i-Al--Pd--Mn quasicrystal, we substitute Ga for Al atoms in accordance with the guiding principle of "weakly bonded rigid heavy clusters" (WBRHCs). Although the thermoelectric properties do not obey the WBRHCs principle, the maximum ZT increased by a factor of 1.4 from 0.18 for Al 71 Pd 20 Mn 9 to 0.26 for Al 68 Ga 3 Pd 20 Mn 9 for quasicrystal, mainly caused by a decrease of total thermal conductivity by Ga substitution.
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